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We have developed a genetic screen for temperature-sensitive mutations in the very late transcription apparatus of the
Autographa californica nuclear polyhedrosis virus. This method starts with the BacPAK6 virus, which has the Escherichia
coli lacZ gene under the control of the very late polyhedrin promoter. The desired mutants are temperature-sensitive for
b-galactosidase production and can be complemented by wild-type virus, which lacks the lacZ gene. Two mutants created
by nitrosoguanidine mutagenesis and identified by this screen, and one mutant identified by another screen, have been
mapped by marker rescue to the viral protein kinase 1 gene (pk-1). The protein kinase genes of these three mutant viruses
have been sequenced, revealing the same point mutation in two of them and a different point mutation in the other. In each
case, a single amino acid is changed: In two mutants, XF4 and XF5, Asp 92 is changed to Asn; in the other mutant, KT800,
Thr 204 is changed to Ile. Northern blotting of RNA made in cells infected by these three mutant viruses has shown that
the accumulation of very late transcripts (lacZ and p10) is temperature-sensitive, but that accumulation of at least one late
transcript (vp39) is not temperature-sensitive. Nuclear run-on transcription assays with two of the mutants indicate that
very late transcription is somewhat temperature-sensitive, although this defect is not as pronounced as the temperature-
sensitivity detected by Northern blotting. Transcription of at least one late gene (vp39) is not temperature-sensitive in cells
infected by these two mutants. Thus, it appears that the viral protein kinase-1 is involved in very late gene expression.
Some of this effect is at the transcription level, but some may also be exerted at the posttranscription level. q 1996 Academic
Press, Inc.
INTRODUCTION hyper-expressed very late in infection, when expression
of other viral genes is relatively quiescent (Rohrmann,
The baculoviruses, including the Autographa califor- 1992). The polh gene codes for polyhedrin, a 31-kDa
nica multiple-nucleocapsid nuclear polyhedrosis virus protein that makes up the bulk of the matrix of the PIB
(AcMNPV), replicate in the nuclei of their host cells, usu- (Harrap, 1972). The p10 gene encodes a 10-kDa protein
ally lepidopteran (caterpillar) cells. Two phases of prog- that is found in fibrillar structures in the nuclei and cyto-
eny virus production occur during infection (reviewed in plasm of infected cells (Williams et al., 1989). It is not
Blissard and Rohrmann, 1990). First, enveloped virus par- required for either BV or PIB formation (Vlak et al., 1988;
ticles called extracellular viruses (ECVs), or budded vi- Williams et al., 1989; van Oers et al., 1992).
ruses (BVs), are produced during the late phase of infec- Late and very late viral transcription is catalyzed by
tion (12–18 hr). Then, occluded viruses (OV’s) are pro- an a-amanitin-resistant RNA polymerase that is chro-
duced during the very late phase (18 hr to cell death, matographically distinct from the three host nuclear poly-
usually days later). BVs spread the infection from cell to merases (Fuchs et al., 1983; Huh and Weaver, 1990a;
cell within the infected insect. OVs are contained within Yang et al., 1991; Glocker et al., 1993; Beniya et al., 1996).
a protective structure called a polyhedral inclusion body This polymerase recognizes late and very late promoters,
(PIB). PIBs are relatively resistant to heat, light, and dessi- which are characterized by a TAAG motif containing the
cation, and spread the infection from insect to insect. transcription start site (reviewed in Blissard and Rohr-
Late transcription is also divided into two phases. Late mann, 1990). Mutational analysis of one late promoter
transcripts are made from about 6 to 18 hr postinfection (the vp39 promoter) has shown that an 18-bp sequence
(hr p.i.) and are required for BV production. Very late beginning 8 bp upstream, and ending 6 bp downstream,
transcripts are made from about 12 hr p.i. until the end of the TAAG motif is necessary and sufficient for strong
of infection and are required for PIB production, but not transcription (Morris and Miller, 1994). Optimal transcrip-
for BV production. There are two well-studied very late tion from the very late polyhedrin promoter requires the
genes, the polyhedrin (polh) and p10 genes. Both are leader-encoding region between the transcription and
translation start sites, in addition to the TAAG motif (Ooi
et al., 1989).1 To whom correspondence and reprint requests should be ad-
dressed. Since very late transcription is later and much more
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active than late transcription, yet relies on the same RNA at 287 but colorless (or light blue) plaques at 337 were
selected and plaque purified for further study.polymerase (Beniya et al., 1996), it seems that at least
some different transcription factors may be required for In the second mutagenesis/screen, cells were infected
with wild-type (strain L1) virus at an m.o.i. of 10 andthe two classes of transcription. Indeed, McLachlin and
Miller (1994) have recently identified one gene, vlf-1, incubated in the presence of 8 mg/ml NTG. Culture me-
dium was harvested at 36 hr p.i. Supernatants were di-which encodes an integrase-resolvase-like protein that
is involved in very late gene expression. To search for luted and titered by plaque assay. Well-isolated plaques
were subjected to plaque assay at 28 and 337. Thosemore such factors, we designed a genetic approach us-
ing a commercial recombinant virus with the lacZ gene isolates that gave a much lower plaque yield, and formed
no PIBs, at the elevated temperature were selected forunder the control of the polyhedrin promoter. This screen
yields mutants that are temperature-sensitive for very further study.
late gene expression. Such conditional lethal mutants
Complementation analysisare especially valuable for investigation of genes that
encode essential factors such as transcription factors.
Complementation analysis was done in two ways. For
There have been several reports of the isolation of tem-
the XF mutants, cells were infected with viruses from
perature-sensitive AcMNPV mutants, including some that
each mutagenesis/screen in pairs—a mutant plus wild-
affect late and very late gene expression (Lee and Miller,
type virus, or two different mutants—at an m.o.i. of 5 of
1979; Brown et al., 1979; Duncan and Faulkner, 1982;
each virus. Culture media were harvested 4 days p.i. and
Miller et al., 1983; Partington et al., 1990.)
used for plaque assays. Viruses that could complement
Mutants that produced white plaques at elevated tem-
each other, resulting in blue plaques at 337, were as-
perature were further characterized. Two of these, and
signed to different complementation groups. For the KT
one other mutant identified in another screen, were tem-
mutants, coinfections were performed in the same way,
perature-sensitive for very late gene expression. All three
but the infected cells were examined microscopically 48
mutants mapped to the viral protein kinase-1 gene (pk-
hr p.i. for PIBs.
1), first reported by Reilly and Guarino (1994). The exact
base changes have been determined for these three mu- Dot blot analysis of viral DNA replication
tants.
Viral DNA synthesis was quantified by dot blot hybrid-
ization. Aliquots of 104 cells harvested at 8 and 48 hr p.i.MATERIALS AND METHODS
were lysed with 0.5 N NaOH and dot blotted onto Nytran
Cells and viruses membranes. Total viral DNA was prepared from purified
virus particles as described by King and Possee (1992).Spodoptera frugiperda cells (IPLB-SF21) were cultured
This DNA was biotinylated according to the instructionsat 287, unless otherwise indicated, in TC-100 medium
in the BioPrime DNA labeling kit (Gibco-BRL) and usedsupplemented with 10% fetal bovine serum. Cells were
to probe the blots. Signals were detected by a chemilu-infected with budded virions of AcMNPV (L1 strain) or the
minscent kit (Southern-light DNA detection kit, Tropix,AcMNPV recombinant virus, BacPAK6 (Clontech), which
Inc.) according to the manufacturer’s instructions.carries the lacZ gene under the control of the polyhedrin
promoter.
SDS–polyacrylamide gel electrophoresis (SDS–PAGE)
Mutagenesis and screening of mutants Virus-infected cells were lysed with sodium dodecyl
sulfate (SDS) and the polypeptides separated by SDS–
In the first mutagenesis/screen, cells were infected
PAGE according to King and Possee (1992).
with BacPAK6 virus at an m.o.i. of 5, and incubated in
the presence of 5 mg/ml N-methyl-N *-nitro-N-nitrosogua- Northern blots
nidine (NTG). Culture medium was harvested 36 hr p.i.
and clarified by centrifugation at 1200g for 10 min. Super- Cells were infected at an m.o.i. of 5 and cultured at
either 28 or 337. At each time point, total cell RNA wasnatants were diluted and titered by plaque assay. Muta-
genized virus stock was subjected to plaque assay at prepared by guanidinium isothiocyanate solubilization
and subsequent pelleting through a CsCl cushion (Ausu-337. Plates with well-isolated plaques were stained with
neutral red and X-gal (final concentration of X-gal, 50 mg/ bel et al., 1993). Six micrograms of RNA were denatured
with formaldehyde, size fractionated by electrophoresisml) at 337 for 12 hr. Colorless and light blue plaques
were marked, then the plates were kept at 287 overnight through 1.2% agarose gels, then transferred to Nytran
membranes (Ausubel et al., 1993). The filters wereto allow ts mutants to produce b-galactosidase at the
permissive temperature. Marked blue plaques were probed with biotinylated DNA fragments representing the
polh, lacZ, p10, or vp39 genes and visualized with thepicked and plaque purified. Plaque-purified mutants were
retested at 28 and 337. Mutants that formed blue plaques Southern-light detection kit. Procedures for hybridization,
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washing, and visualization of bands were as described smaller DNA fragments were used until the mutation
could be assigned to a single open reading frame.in the Southern-light detection system directions. Blots
were then stripped and reprobed with a different DNA
Primer extension analysisprobe. Stripping was performed by washing twice for 20
min each in 0.11 SSC, 1% SDS at 957, then washing Cells were infected with XF4 or wild-type virus at an
twice for 5 min each in 11 SSC at room temperature. m.o.i. of 5, and RNA was isolated from virus-infected cells
Probe specifications: The vp39 probe was the 1366-bp at 24 and 48 hr p.i. Thirty micrograms of total RNA from
AccI subfragment of the EcoRI-G fragment, m.u. 56.4– each time point were used in primer extension reactions
57.4. The p10 probe was the 510-bp AccI–HindIII sub- along with 20 pmol of a p10 antisense primer having the
fragment of the HindIII-Q fragment, m.u. 88.65–88.92. The sequence 5*-CGTTAGGCTTTGACATGA-3*. Each reac-
polh probe was the 263-bp EcoRV subfragment of the tion was initiated in a 20-ml volume containing 4 ml of
HindIII-F fragment, m.u. 3.3–3.5. The lacZ probe was a 51 reverse transcriptase buffer, 20 units of RNAsin, 250
3-kb PCR product made using the pCH110a plasmid (Hill- nM of all four dNTPs, 8 ml of end-labeled primer, and 6
Perkins and Possee, 1990) as template. The lacZ-specific units of AMV reverse transcriptase (Promega) at room
forward primer was 5*-AGTCAGAATTCATAATGGAGC- temperature for 20 min. The concentration of dNTPs was
TTGATCTCT-3*. The lacZ-specific reverse primer was 5*- then increased to 50 mM for the elongation reaction for
GCACTGCGCGCTTATTTTTGACACC-3*. 1.5 hr at 437. The HindIII-Q fragment was sequenced
using the same primer by the dideoxynucleotide chain
Nuclear run-on assay
termination method to provide a size marker.
Nuclei were prepared according to the procedure of
Cloning and sequencingHuh and Weaver (1990a) from cells infected for 24 hr at
either 28 or 337 with mutant or BacPAK6 viruses at an Mutated regions and their wild-type counterparts were
m.o.i. of 10. The run-on reactions were carried out at cloned into pBluescript KS (Stratagene) and sequenced
either 28 or 337, depending on the temperature at which by the dideoxy chain termination procedure using the
the infection had been performed. Each reaction con- fmol sequencing system from Promega, according to the
tained the following components: 50 ml nuclei prepared manufacturer’s instructions.
from 1 1 107 cells, in glycerol cushion buffer; 2 ml a-
[32P]GTP (20 mCi); 33 ml transcription buffer; 1 ml RNasin; RESULTS
14 ml double-distilled water. After 40 min, reactions were
Genetic screen for mutations affecting very lateterminated by adding 100 ml stop buffer. All buffers were
transcriptionas described by Huh and Weaver (1990a). Total labeled
RNA was used to probe slot blots. Each blot contained
To isolate mutations in the very late transcription appa-
denatured PCR products representing the vp39, p10, and
ratus, we began by using nitrosoguanidine to mutagenize
lacZ genes. These PCR products were made as follows.
a recombinant virus (BacPAK6) that has the E. coli lacZ
vp39: The EcoRI-G fragment was used as template; the
gene under the control of the polyhedrin promoter. We
forward primer was 5*-TATGGCGCTAGTGCCCGT-3*; the
then isolated mutants that are temperature-sensitive (ts)
reverse primer was 5*-TTAGACGGCTATTCCTCC-3*; the
for production of b-galactosidase. We performed plaque
product was 1 kb in length. p10: The HindIII-Q fragment
assays on mutants at high and low temperatures (28 and
was used as template; the forward primer was 5*-ATG-
337, respectively) and stained with X-gal to detect b-
TCAAAGCCTAACGTT-3*; the reverse primer was 5*-ACT-
galactosidase activity. The desired phenotype was dark
TGGAACTGCGTTTAC-3*; the product was 283 bp in
blue plaques at low temperature, but white or light blue
length. lacZ: This was the same DNA probe as used in
plaques at high temperature. It was important to see
the Northern blots described above. After autoradiogra-
normal plaque formation at the nonpermissive tempera-
phy, the density of each spot was measured by densitom-
ture, because that shows that the late transcription appa-
etry using a Millipore Bio-image densitometer.
ratus, including the virus-induced polymerase, is work-
ing. But the loss of blue color indicates that a defect liesMapping mutations
in either the expression of the lacZ gene or in the lacZ
gene itself. To rule out the latter possibility, we performedCells were infected with mutant virus at an m.o.i. of
0.1. At 1 hr p.i., the infected cells were transfected with a complementation test. Complementation by the wild-
type virus, which lacks the lacZ gene, or by another ts2 mg of cloned viral DNA fragments. Transfection was
lipofectin-mediated, as described by King and Possee mutant, also lacking the lacZ gene, demonstrated that
the lacZ gene itself does not contain the mutation. The(1992). The transfected cells were cultured at 287 for 5
days. Culture media were plaque-assayed at 337. Muta- ts phenotype should rule out promoter and enhancer
mutants that could inactivate the lacZ gene, but are verytions were mapped to DNA fragments that could rescue
the BacPAK6 (or wild-type) phenotype. Smaller and unlikely to be ts.
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XF4 and XF5 gave similar results (data not shown). Thus,
the defect in these mutants was not related to DNA repli-
cation.
Mapping mutations to the protein kinase 1 (pk-1)
gene
To map mutations in this group, we performed marker
FIG. 1. Effect of temperature on viral DNA synthesis in wild-type and
rescue, according to the strategy in Fig. 2. We beganmutant virus-infected cells. Sf21 cells were infected with the indicated
with one mutant, XF5, and a lambda library containingviruses at an m.o.i. of 10 at 28 or 337. Cells were harvested at 8 and
48 hr p.i., as indicated. Aliquots of 104 cells were lysed with 0.5 N DNA fragments covering most of the viral genome. One
NaOH, applied to Nytran membranes, and probed with biotinylated l clone (No. 5) rescued the temperature-sensitive pheno-
wild-type viral DNA. The biotinylated probe was detected as described type, yielding blue plaques at both high and low tempera-
under Materials and Methods.
tures. To narrow down the site of the mutation, we per-
formed marker rescue with a series of HindIII fragments
and found that the HindIII-N fragment was positive. We
We screened approximately 1000 plaques, looking first cut the HindIII-N fragment with EcoRI and found that the
for lack of blue color in the presence of X-gal at the 1015-bp N2 fragment, but not the other fragment (N1),
nonpermissive temperature. Of about 70 plaques that rescued the mutant phenotype. This fragment includes
passed this first screen, 10 showed the desired pheno- the protein kinase-1 gene (pk-1) and part of ORF 1629.
type: white at 337 and blue at 287. Six of these have been To identify the mutation absolutely, we sequenced the
plaque-purified. When grown at 287, these mutants gave mutant N2 fragment and found a single one-base differ-
dark blue plaques. But they gave white (or light blue) ence from the wild-type sequence: a G r A transition in
plaques when grown at 337. codon 92 of the pk-1 gene (Fig. 3). This changes an Asp
To verify that the lacZ genes of these mutants were codon (GAC) to an Asn codon (AAC). By contrast, no
normal, we coinfected cells with one of these mutants differences between mutant and wild-type viruses were
and with another mutant that is ts for plaque formation, found in ORF 1629 or in the region between ORF 1629
but has no lacZ gene at all. In all cases, these pairs and pk-1.
of mutants complemented each other to give dark blue We followed a similar strategy to map the mutations
plaques at 337, proving that the lacZ gene of the first in the other two mutants (XF4 and KT800). Both were
mutant is functional. We have also shown that all these rescued by the same N2 fragment. The sequences of
mutants are complemented by wild-type virus, which of both mutant N2 fragments revealed only a single base
course lacks a lacZ gene. change in each as follows: XF4 had the same mutation
In a separate set of experiments, we isolated mutants as XF5; in KT800, a change of codon 204 from ACC to
in late function by screening for viruses that formed ATC in pk-1 changed Thr 204 to Ile (Fig. 3). However,
plaques at the permissive temperature, but much fewer as explained below, cells infected by XF4 virus make
plaques at the nonpermissive temperature (Brown et al., aberrant-sized transcripts of the p10 gene, so this mutant
1979). The starting material for this procedure was wild- apparently carries at least one additional mutation in
type strain L-1 virus, rather than BacPAK6. The remainder addition to the alteration in the pk-1 gene.
of this paper will focus on three mutants, two from the
first screen (XF4 and XF5; XF stands for the author, X.F.),
and one from the other (KT800; KT stands for the author,
K.T.), that fell into the same complementation group and
were mapped to the protein kinase 1 (pk-1) gene. In
addition to these three mutants, three others fell into the
same complementation group and so presumably affect
the pk-1 gene. These were KT497, KT954, and ts10, the
last of which was isolated by Brown et al. (1979) and
was generously provided by Peter Faulkner.
It was possible that the failure of very late gene expres-
sion was an indirect effect of a defect in viral DNA repli-
FIG. 2. Marker rescue strategy for pk-1 mutants. The ORF 1629, pk-cation. To eliminate this possibility, we performed a dot-
1, and ORF 1020 coding regions are indicated above a partial geneticblot assay for viral DNA replication at permissive and
map covering the region between map units 0 and 12. Restriction sitesnonpermissive temperatures in cells infected by ts8 (ts
for EcoRI (E) and HindIII (H) are also given. At bottom, the four different
for DNA replication), KT800, and wild-type (BacPAK6) vi- DNAs used in marker rescue are depicted. These are l5, HindIII-N,
rus. KT800 viral DNA replication was just as active at the and HindIII-N2, all of which were positive for rescue (denoted /), and
HindIII-N1, which did not rescue (denoted 0).elevated temperature as at the low temperature (Fig. 1).
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KT800 is based on wild-type virus without a lacZ gene.
In order to test for very late protein accumulation in cells
infected by this virus, and others in the same comple-
mentation group, we performed SDS–PAGE at permis-
sive and nonpermissive temperatures 48 hr after infec-
tion by each of the mutant viruses and looked for accu-
mulation of polyhedrin. In all cases, no polyhedrin protein
could be detected at the nonpermissive temperature (Fig.
4b). Thus, both classes of mutants greatly restrict the
accumulation of the protein product of whatever gene
(lacZ or polh) is under control of the polyhedrin promoter.
Another prominent band, with an Mr of 64 kDa, accumu-
lates to much higher levels at the permissive temperature
than at elevated temperature in cells infected by KT800.
FIG. 3. Sequence of the pk-1 gene in wild-type and mutant viruses.
The published wild-type DNA sequence (Ayres et al., 1994) is pre-
sented, along with the corresponding amino acid sequence. The varia-
tions from this sequence in the XF4, XF5, and KT800 mutants are
presented in boldface below the wild-type sequence. In addition, all
three mutants, and BacPAK6, showed two variations from the published
sequence that result in a frameshift over a stretch of 5 codons. These
variations, and the different amino acids resulting from the frameshift,
are denoted ‘‘insertion and deletion.’’
All of the mutant sequences, as well as the wild-type
pk-1 sequence, showed a clear difference from the pub-
lished sequence (Ayres et al., 1994). They contained an
extra C at codon 184 and a missing T at codon 188. The
result is a frameshift extending over 5 codons (Fig. 3).
But this change, if indeed it is a real change, cannot have
anything to do with the mutant phenotype, since the wild-
type viruses that were the starting material for mutagene-
sis, including BacPAK6, exhibited the same sequence in
this region as the mutants.
SDS–PAGE assay for accumulation of very late
proteins
Since the plaques resulting from XF4 and XF5 infection
were colorless, we surmised that little or no b-galactosi-
FIG. 4. Very late expression at the protein level in pk-1 mutants. (a)dase was made in these infected cells. To verify this
XF4 and XF5. Cells were mock-infected or infected with BacPAK6, XF4,
hypothesis, we performed SDS–PAGE on proteins from or XF5 virus, as indicated at top, at an m.o.i. of 10 for 24 hr, at either
cells infected for 24 hr by BacPAK6, XF5, and XF4 at 287 or 337, as indicated at top. Then the cells were lysed with SDS and
the solubilized proteins were subjected to SDS–PAGE as describedpermissive and nonpermissive temperatures. Figure 4a
under Materials and Methods. The position of the b-galactosidaseshows that little if any b-galactosidase was made from
protein (b-gal) is indicated at right. The marker lane (M) is at left. (b)XF5- or XF4-infected cells at the nonpermissive tempera-
KT800. A similar procedure was followed for KT800, and three other
ture, whereas b-galactosidase protein synthesis was sig- mutants in the same complementation group (KT497, KT954, and ts10).
nificantly increased at the elevated temperature in cells In this case, the time of infection was 48 hr, and the accumulation of
polyhedrin protein (PH), rather than b-galactosidase, was monitored.infected by the parent virus, BacPAK6.
AID VY 8058 / 6a1c$$$303 09-05-96 13:59:53 vira AP: Virology
6 FAN, THIRUNAVUKKARASU, AND WEAVER
FIG. 5. Northern blot analysis. (a–c) (XF5). RNA was extracted from cells infected for the indicated times by BacPAK6 (BP6) or XF5 virus, as
indicated, and Northern blotted and hybridized with the indicated probes as described under Materials and Methods. Appropriate signals are
indicated by arrows or brackets at right. (d–f ) (KT800). Northern blots were prepared with RNA from cells infected by wild-type or KT800 virus, as
indicated, for 48 hr. The blots were hybridized with the indicated probes as described under Materials and Methods.
Northern blotted RNA made in infected cells at the per-This is probably gp64, a late viral envelope glycoprotein.
missive and nonpermissive temperatures and hybridizedThe fact that its accumulation is also ts suggests that
the same blot to very late (lacZ and p10) transcript probeslate, as well as very late, gene expression is affected in
and to a late (vp39) transcript probe. (The vp39 genecells infected by this virus. This is expected, since this
encodes the major capsid protein, vp39). The results invirus, unlike XF4 and XF5, was isolated by a screen that
Figs. 5a–5c demonstrate that accumulation of transcriptsdepends on temperature-sensitive plaque production.
of the two very late genes is temperature-sensitive up toSince plaque production depends on late gene expres-
at least 32 hr p.i., but accumulation of transcripts of thesion, the viruses isolated by this screen should have
late gene is not. Thus, the pk-1 mutation in XF5 affectstemperature-sensitive late gene expression.
efficient accumulation of very late transcripts, but has
Northern blot assay for accumulation of late and very little if any effect on accumulation of late transcripts, at
late transcripts least of vp39 transcripts.
To assay the accumulation of very late and late tran- We performed a similar analysis for the KT800 mutant,
whose parent was wild-type virus, rather than BacPAK6.scripts in cells infected by the XF5 mutant virus, we
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TABLE 1 at the nonpermissive temperature. These data suggest
that these mutations exert their effect at least partly atEffect of Temperature on Transcription of lacZ and p10 Genes,
the transcription level.as Measured by Probing Slot Blots with Labeled RNA from Infected
Cells
Behavior of rescued virus
Ratio of slot blot signals (337/287)
To demonstrate that the XF4 virus showed wild-typenormalized to vp39 signal
patterns of mRNA accumulation after marker rescue, we
Virus lacZ p10 performed Northern blots and probed them with lacZ,
p10, and vp39 probes. Figure 6 shows that accumulation
BacPAK6 3.3 1.6
of transcripts encoded by the two very late genes is noXF4 0.24 0.26
longer ts in the rescued virus. The blot hybridized withXF5 0.64 0.60
the p10 probe shows an aberrant-sized p10 transcript in
cells infected by the XF4 mutant, as well as in cells
infected by this mutant after rescue. The transcript isThus, the very late probes in this case were for polh and
about 2 kb in length, in contrast to the normal sizes ofp10 mRNAs, not for lacZ and p10 mRNAs. The results in
about 0.75 and 2.5 kb found in cells infected by the wild-Figs. 5d–5f show essentially the same results as Figs.
type virus (Rankin et al., 1986). The presence of this aber-4a–4c: Accumulation of the very late transcripts is ts,
rant transcript demonstrates that we are really analyzingbut accumulation of the late vp39 transcript is not. This
a rescued XF4 virus, rather than a wild-type contaminant.experiment was done using RNAs collected 48 hr p.i. to
Thus, rescue with the wild-type pk-1 gene restores wild-minimize the possibility that the mutation merely delays
type very late transcript accumulation levels at the non-the onset of the very late phase.
permissive temperature, confirming the involvement of
this gene in very late gene expression. This experimentNuclear run-on assay for late and very late
also suggests that the XF4 virus contains a second, inde-transcription
pendent mutation that causes the production of an aber-
To assay directly for late and very late transcription,
we infected cells with the mutant viruses, XF4 and XF5,
and performed nuclear run-on transcription at the per-
missive and nonpermissive temperatures in the pres-
ence of [32P]GTP, then hybridized the labeled nuclear
RNA to slot blots containing DNA probes for the lacZ,
p10, and vp39 genes. Since different batches of nuclei
were used at the two temperatures, the vp39 signal
served as an internal control. (The Northern blot analysis
had shown that accumulation of vp39 transcripts was not
affected by temperature, so we expected the vp39 run-
on transcription signal to remain the same at both tem-
peratures.) As expected, the vp39 signal was relatively
unaffected by temperature. By contrast, the signals corre-
sponding to lacZ and p10 transcription were significantly
depressed at the nonpermissive temperature. This effect
was even more pronounced in comparison to nuclear
run-on transcription of the lacZ and p10 genes in cells
infected with wild-type virus, where transcription from the
very late promoters was enhanced at the nonpermissive
temperature. We quantified the very late transcription sig-
nals by densitometry, normalized to a vp39 signal that
was held constant. The results of five independent
assays for BacPAK6 and XF5 and two independent
assays for XF4 showed the following (Table 1): The nor-
malized lacZ and p10 transcription rates in BacPAK6-
FIG. 6. Northern blot analysis of rescued virus. RNA from cells in-infected cells increased by factors of 3.3 and 1.6, respec-
fected for 24 hr at the indicated temperatures with wild-type virus, XF4,tively, at the nonpermissive temperature. By contrast, the
and rescued XF4 (XF4R), as indicated at top, was electrophoresed,
normalized lacZ and p10 transcription rates decreased Northern blotted, and hybridized to probes for lacZ (a), p10 (b), and
76 and 74%, respectively, in XF4-infected cells, and de- vp39 (c). The XF4R virus had been rescued with the HindIII-N2 fragment
(Fig. 2), which contained the pk-1 coding region.creased 36 and 40%, respectively, in XF5-infected cells,
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rant p10 transcript. This second mutation was not res- nonpermissive temperature. This ensures that the late
genes responsible for producing budded viruses are stillcued by the pk-1 gene.
functioning. Indeed, plaque production was not de-
tectably impaired in either XF4 or XF5. We conclude thatMapping the transcription initiation site of the
aberrant p10 transcript the protein kinase mutants isolated by this screen inacti-
vate very late, but not late, gene expression.
Because of the aberrant p10 transcript observed in On the other hand, the more traditional screen for ts
cells infected by the XF4 mutant, we used primer exten- mutants that measures plaque formation at low and high
sion analysis to map the initiation site of this transcript. temperatures led to the isolation of three ts protein ki-
We observed only the expected initiation site—the T in nase mutants. Our analysis of one of these (KT800)
the TAAG sequence (data not shown). Thus, the anoma- shows that its phenotype with respect to accumulation
lous size of the transcript does not derive from an aber- of transcripts of the very late and late genes is very
rant transcription initiation site. similar to that of XF4 and 5. That is, the accumulation of
very late transcripts, but not of the late vp39 transcript,
Regeneration of mutant is greatly inhibited at the nonpermissive temperature.
However, this mutant, as well as KT497, KT954, and ts10,Since the possibility remained that the phenotype we
which are in the same complementation group, showedobserved in these ts mutants was due to another muta-
a 100- to 1000-fold reduction in plaque formation andtion besides the one that maps to the pk-1 gene, we
release of budded virus at the nonpermissive tempera-regenerated a mutant with a single defined mutation in
ture, implying that some aspect of late gene expressionpk-1. We used the HindIII-N2 fragment from the XF5 mu-
is also ts. If so, this would suggest that the protein kinasetant to cotransfect cells with BacPAK6 DNA and then
is involved in some late, as well as very late, gene expres-screened for white plaques at 337. We isolated one of
sion. Regardless of the cause, it is clear that KT800 hasthese viruses and sequenced its HindIII-N2 fragment. As
a more severe phenotype than that of XF4 and XF5. Thisexpected, it contained only one difference from the wild-
difference in phenotype is no doubt due to the differencetype sequence: the same G r A transition in codon 92
in the sites of the mutations in these mutant viruses.of the pk-1 gene seen in the XF4 and XF5 mutants. We
Our Northern blot analysis reveals very strong effectsisolated RNA from cells infected with this regenerated
of these protein kinase mutations on accumulation ofmutant at 28 and 337. Northern blotted it, and probed the
very late transcripts. These mutations could in principleblot with DNAs specific for lacZ, p10, and vp39. Again,
exert their effects at the transcriptional or posttranscrip-the same phenotype exhibited by XF4 and XF5 was ob-
tional levels or at both levels. The studies presented hereserved: The levels of lacZ and p10 transcripts were
do not permit us to make a clear distinction among thesegreatly depressed at the nonpermissive temperature, but
possibilities. The run-on transcription results suggest athe level of vp39 transcripts was unaffected by tempera-
relatively weak effect of the mutations at the transcrip-ture (data not shown). Thus, since this virus carries only
tional level. This effect seems too small to explain theone mutation, which resides in the pk-1 gene, the pheno-
strong effect of the mutations on transcript abundance.type we observe must be due to that mutation.
That is, the nuclear run-on analysis reveals some tran-
scription of the very late genes at the nonpermissiveDISCUSSION
temperature, whereas the Northern blot analysis shows
almost undetectable accumulation of very late transcriptsThis paper describes a screen for mutations that affect
very late, but not late, viral transcription. We expected at the elevated temperature. Therefore, we must continue
to entertain the possibility that the protein kinase is in-that this screen would identify genes encoding very late
viral transcription factors, but the first gene it identified volved in both transcriptional and posttranscriptional
events in the production of very late mRNAs.encodes a protein kinase. Cells infected with any of at
least three viruses containing a ts mutation in this gene Miller and colleagues have used a transient assay as
a screen for genes involved in late and very late geneaccumulate much less very late RNA at the nonpermis-
sive than at the permissive temperature. By contrast, expression. They have assembled a set of 18 genes that
are necessary and sufficient for expression of the chlor-cells infected with the wild-type virus accumulate similar
amounts of very late RNA at both temperatures. On the amphenicol acetyl transferase (CAT) gene under the con-
trol of a late (vp39) promoter (Lu and Miller, 1995). Atother hand, cells infected with the mutant virus accumu-
late similar amounts of late (vp39) transcripts at both least one other gene, vlf-1 (McLachlin and Miller, 1994),
is required for very late gene expression. Our data allowtemperatures, so the mutation does not seem to affect
late gene expression, at least expression of the vp39 the prediction that pk-1, at least, should be required,
in addition to these other nineteen genes, for efficientgene. Furthermore, our mutagenesis and screening pro-
cedure that began with BacPAK6 was specific for mu- transient expression from a very late promoter. If efficient
transient very late expression occurs in the absence oftants that still gave plaques, albeit white ones, at the
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Hill-Perkins, M. S., and Possee, R. D. (1990). A baculovirus expressionpk-1, the apparent paradox could arise from the differ-
vector derived from the basic protein promoter of Autographa califor-ence between a transient expression assay and assays
nica nuclear polyhedrosis virus. J. Gen. Virol. 71, 971–976.
for gene expression during the replication of a virus. For Huh, N. E., and Weaver, R. F. (1990a). Identifying the RNA polymerases
example, the virus could encode a protein that blocks a that synthesize specific transcripts of the Autographa californica nu-
clear polyhedrosis virus. J. Gen. Virol. 71, 195–202.process required for very late expression, and the protein
Huh, N. E., and Weaver, R. F. (1990b). Categorizing some early andkinase could remove that block. The transient expression
late transcripts directed by the Autographa californica nuclear poly-assay would fail to detect this phenomenon if the
hedrosis virus. J. Gen. Virol. 71, 2195–2200.
blocking gene were not included. For example, a virus- King, L. A., and Possee, R. D. (1992). ‘‘The Baculovirus Expression
encoded factor could bind to a transcription factor and System. A Laboratory Guide.’’ Chapman and Hall, London.
Lee, H. H., and Miller, L. K. (1979). Isolation, complementation, andprevent its activity. The protein kinase could phosphory-
initial characterization of temperature sensitive mutants of the bacu-late the blocking factor, causing it to dissociate from the
lovirus Autographa californica nuclear polyhedrosis virus. J. Virol. 31,transcription factor, which could then promote very late
240–252.
transcription. Further work on the target(s) of the protein Lu, A., and Miller, L. K. (1995). The roles of eighteen baculovirus late
kinase will be needed to resolve this interesting question. expression factor genes in transcription and DNA replication. J. Virol.
69, 975–982.
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